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ABSTRACT

We presenta study of tidal debrisassociatedvith 126 nearbyred galaxies,selectedfrom the 1.2 degre€
Multiw avelengthSurwey by Yale-Chile(MUSYC) andthe 9.3 degree NOAO DeepWide-FieldSurwey. In the
full sample67 galaxies(53%) shov morphologicalsignaturef tidal interactions consistingof broadfansof
stars,tails, and otherasymmetriesit very faint surfacebrightnesdevels. Whenrestrictingthe sampleto the 86
bulge-dominateaarly-typegalaxieghefractionof tidally disturbedgalaxiesrisesto 71%, whichimpliesthatfor
every “normal” undisturbecklliptical therearetwo which shav clearsignsof interactions.Thetidal featuresare
red and smooth,andoften extendover 50kpc. Of thetidally distortedgalaxiesabout2 3 areremnantsand
1 3areinteractingwith acompaniorgalaxy The companionareusuallybrightredgalaxiesaswell: the median
R-bandluminosity ratio of the tidal pairsis 0.31, andthe mediancolor differenceafter correctingfor the slope
of the colormagnituderelationis 002in B R. If the ongoingmemersarerepresentatie for the progenitors
of theremnants 35% of bulge-dominatedjalaxiesexperienceda memgerwith massratio 1: 4 in therecent
past. With further assumptionst is estimatedthat the present-daynassaccretionrate of galaxieson the red
sequence M M 009 004Gyr 1. For aconstanior increasingmassaccretionrate with redshift,we nd
thatred memgersmay leadto anevolution of afactorof 2 in the stellarmassdensityin luminousred galaxies
over theredshiftrange0 z 1, consistenwith recentstudiesof the evolution of the luminosity density We
concludethatmostof today's eld elliptical galaxiesvereassembleatlow redshiftthroughmemgersof gas-poor
bulge-dominatedystems.These“dry” memgersare consistentith the high centraldensitiesof ellipticals, their
old stellarpopulationsandthe strongcorrelationsof their properties.It will beinterestingto determinewhether
this modeof meming only playsanimportantrole atlow redshiftor is relevantfor galaxiesat any redshiftif they

exceeda critical massscale.

Subjectheadings: galaxies:evolution — galaxies:formation— galaxies:elliptical andlenticular cD

1. INTRODUCTION

Although greatly outnumberedy spiral galaxies,elliptical
galaxiescontain  20% of the stellarmassin the present-day
Universe(Fukugita,Hogan,& Peebled998)anddominatethe
high massend of the galaxy massfunction (e.g., Nakamura
etal. 2003). Their statusatthetop of thefood chainis a strong
motivationfor their studyasit providesinsightin theprocesses
governingthebuild-up of galaxiesover cosmictime, the nature
of the mostluminousgalaxiesat z 3 andbeyond, the for-
mationof the rst stars,andthe origins of supermasse black
holes.

Despitevigorousresearchefforts it is still not known how
andwhenelliptical galaxieswereformed. Separatinghetime
of the formationof their stars from the time of their assembly
apartialansweiis thatmostof the starsin themostmassie el-
lipticals wereformedat high redshift. This resultis supported
by alargenumberof studiesof nearbyanddistantgalaxiesand
appliesto ellipticalsin thegeneraleld aswell asthosein rich
clusters(e.g., Bower, Lucey, & Ellis 1992; Ellis etal. 1997;
Bernardiet al. 1998,2003;vanDokkumetal. 1998a,1998b;
Treuetal. 1999,2002;vanDokkumetal. 2001a;Holdenetal.
2005).Evenwhenaccountindgor possibleselectioreffectsdue
to morphologicalevolution (“progenitorbias”; van Dokkum &
Franx2001),it is very dif cult to t the obsenedevolution of
massve ellipticalswith formationredshiftssubstantiallylower
thanz 2. Althoughthereis generalagreementhatthe mean
ageis high, thereare strongindicationsthat not all starsin all
elliptical galaxiesformedat high redshift: Trageret al. (2000)
and others(e.g., Yi etal. 2005) nd evidencefor a “sprin-
kling” of recentstarformationin otherwiseold ellipticals,and

recentstudiesof the evolution of the FundamentaPlanerela-
tion (Djorgovski & Davis 1987) nd evidencethatlow mass
early-typegalaxieshave lower luminosity-weightedagesthan
highmassones(Treuetal. 2005;vanderWel etal. 2005).

Much lessis known aboutthe assemblyof elliptical galax-
ies, that is, when and how the galaxieswere “put together”.
In the literature,a distinctionis often madebetweermodelsin
which elliptical galaxiesform from the collapseof primordial
gasclouds(“monolithic collapse™;e.g.,EggenLynden-Bell &
Sandagel962; Jimenezet al. 1999),or in mergersof smaller
galaxieq“hierarchically”; e.g. Toomre& Toomrel972;White
& Frenk1991). Within the framevork of a memger modelthe
guestiorof assemblyanbespeci edas, rst, thetypicalageof
thelastmajormemer; andsecondthe natureof the progenitor
galaxies.In mary individual casesve canreadily answerboth
questions:alundantevidenceleaveslittle doubtthat someel-
lipticals formedrecentlythroughthe memgerof spiral galaxies,
or will dosoin thenearfuture (e.g., Toomre& Toomrel972;
Schweize1982;Hibbard& vanGorkom 1996). However, it is
not clearwhethersuchmemersare exceptionalor responsible
for theformationof the majority of ellipticals.

Among the obsenational agumentsfor recent memers
are the detection of “ ne-structure” (e.g., shells and rip-
ples)in a large numberof nearbyellipticals (Malin & Carter
1983; Schweizeret al. 1990); the presenceof kinematically-
decoupledcores (Franx & lllingworth 1988; Bender 1988);
small-scaledust seenin the majority of ellipticals (e.g., van
Dokkum & Franx1995); (some)studiesof the redshiftevolu-
tion of galaxymorphologiesandof closepairs(e.g.,Le Févre
etal. 2000; Pattonet al. 2002; Conseliceet al. 2003); and
strongevolution of themassdensityof redgalaxiesoz 1,in-
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ferredfrom the COMBO-17suney (Bell etal. 2004). Further
more, and perhapsmostimportantly the hierarchicalassem-
bly of galaxiesis a centralaspecbf currentmodelsfor galaxy
formationin CDM cosmologiege.g., Kauffmann, White, &
Guiderdonil993;Coleetal. 2000;Mezaetal. 2003).

Amongargumentsagainstthememgerhypothesiarethelow
probability of memgersin virialized clusters,which are domi-
natedby ellipticals (Ostriker 1980; Makino & Hut 1997); the
factthatthe centraldensitiesf ellipticalsaretoo highto bethe
resultof dissipationlessnemgersof puredisks(Carlbeg 1986;
Hernquistl992);thelow scatteiin thecolor-magnitudeelation
and FundamentaPlane,which is inconsistentwith the diver
sity in stellarpopulationsexpectedfrom spiral galaxymergers
(e.g.,Bower, Kodama,& Terlevich 1998, Peeble2002); the
muchhigherspeci ¢ frequeng of globular clustersfor ellipti-
calsthanfor spirals(althoughsomeglobularsmay be formed
during memers;e.g., Schweizeret al. 1996); the obsenation
thatknown remnantsf spiralgalaxymergershave underlumi-
nousX-ray halos(SansomHibbard,& Schweizer2000); the
existenceof the M relation (Gebhardtet al. 2000; Fer
rarese& Merritt 2000); and the presenceof massie galaxies
at high redshift (e.g., Franxet al. 2003; Daddi et al. 2004;
Glazebrooletal. 2004)

Theseapparentlycontradictorylines of evidence may be
largely reconciledby postulatingthat most elliptical galaxies
formedthrough (nearly) dissipationlesgor “dry”) meigersof
red, bulge-dominatedgalaxiesrather than memers of spiral
disks. Motivatedby the comparatiely red colors of ellipti-
cals exhibiting ne-structure Schweizer& Seitzer(1992)dis-
cussthis possibility, but aguethatmegersbetweerearly-type
galaxiesare statisticallyunlikely asthe “median” eld galaxy
is an Sbspiral (seealsoSilva & Bothun1998). However, most
memerslikely occurin groups,where the early-type galaxy
fractionis muchhigherthanin thegeneraleld (e.g.,Zablud-
off & Mulchagy 1998). Furthermoresemianalyicamodelsof
galaxyformation have predictedthat the mostrecentmeigers
of bright ellipticals were betweengas-poor bulge-dominated
galaxies(Kauffmann & Haehnelt2000; Khochfar & Burkert

2003), and several studieshave shavn that such meming is
consistenwith the obsened FundamentaPlanerelation(e.g.,
Gonzalez-Garci& van Albada2003; Boylan-Kolchin, Ma, &
Quataer005). Finally, memgersbetweerred galaxiesmay be
commonin young, urvirialized galaxyclustersat z 1 (van
Dokkumetal. 1999,2001b,Tranetal. 2005).

Although someearly-type/early-typenegersare known to
exist in the local universe (e.g., Davoust & Prugniel 1988;
Combesetal. 1995) little is known abouttheirfrequeng. Here
we investigatethe relevanceof dry memging by analyzingthe
frequeng andnatureof tidal distortionsassociateavith awell-
de ned sampleof brightredgalaxies.This studywasmotivated
by the resultsof Kauffmann& Haehnelt(2000), Khochfar &
Burkert (2003),andBell et al. (2004),the obsenationsof red
memersinz 1 clustersandtheadwentof verydeepphotomet-
ric surweys over wide areas.We assume , 03, 07,
andHy, 70kms Mpc ! (Spegeletal. 2003).

2. MORPHOLOGICAL SIGNATURES

Mergers betweengas-poor bulge-dominatedgalaxiesare
generallymoredif cult to recognizehanmemersbetweergas-
rich disks. Elliptical-elliptical meigersdo not develop promi-
nenttidal tails dottedwith starforming regions,but areinstead
characterizedy the ejectionof broad“fans” of stars,andin
certaincasesanasymmetriadeformationof theinnerisophotes
(e.g.,Rix & White 1989;Balcells& Quinn1990;Combestal.
1995). Tails may developif one of the progenitorsrotatesor
hasa disk componen{Combeset al. 1995),but asthereis no
cold, youngcomponentheseare expectedto be more diffuse
thanthoseseenin encounterbetweerate-typegalaxies.

Theseeffectsareillustratedin Fig. 1, which shows the evo-
lution of an off-axis collision betweentwo hot stellarsystems.
The simulationwas performedwith animplementatiorof the
Barnes& Hut (1986)hierarchicatreecode,using65,536parti-
cles.Thegalaxieshave a 3:1 massratio andarerepresentedy
Plummermodels. The simulationillustratesthe rapid meging
of the two bodies,the lack of tidal tails, andthe development

Fic. 1.— lllustrationof anoff-axis collision betweerhot stellarsystemswith masgatio 3:1. Thesimulationwasperformedwith animplementa-
tion of the Barnes& Hut (1986)treecode,using65,536particles.The galaxiesmeige quickly; afterthe memgerthe only morphologicakignature
is the presencef a broadasymmetridan of material,which rapidly becomesnorediffuse. Note the lack of tidal tails, which only form if there

is asigni cant cold component.



of alargefanof material. The centralpartsof the memgerrem-

nantquickly settlein anew equilibriumcon guration,whereas
the materialin the outer parts— where dynamicaltimescales
arelong — graduallybecomeanore diffuse. For a moregen-

eralanalysisof thedevelopmenbf elliptical-elliptical memgers,

including the effects of rotationand differentmassratios, we

referto Combestal. (1995)andsubsequenpapers.

The surfacebrightnesf tidal featuresassociateavith this
type of memgersis comparatiely low: the featuresconsistof
old, red stellar populations,and have higherM L ratiosthan
thebluetailsassociatetith memersof late-typegalaxies Fur
thermore they aretypically morediffuse,dueto thelack of a
cold disk in the progenitors. After the meger, the evidence
of the pastencountetecomedncreasinglydif cult to detect
as dynamicalevolution reduceshe surfacebrightnessurther
(e.g.,Mihos 1995). No detailedsimulationshave beendoneof
the expectedsurfacebrightnessevolution of tidal featuresre-
sulting from early-typememers,but a very roughestimatecan
be obtainedfrom the simulationshavn in Fig. 1. Calibrating
the outputsuchthat the averagesurfacebrightnesswithin the
effective radiusof theremnant r  20magarcsec? (JoFr
gensenfranx, & Kjeergaard1995),we nd thatthe “fan” of
materialto theupperleft has g 25att 10, i.e.,immedi-
ately afterthe memger. Thefollowing timestepsshav a contin-
uedrapiddecreasef thebrightnessteaching . 27att 15,
the nal time stepof the simulation.

It is dif cult to reachsuchlow surfacebrightnesdevelsob-
senationally: extreme enhancementsf photographicplates
enabledMalin & Carter(1983)to detectfeaturesto 265,
similar to the limits reachedby Schweizer& Seitzer(1992)
with their deepCCD exposureson the Kitt Peak0.9m tele-
scope. Detectingfeatureswith surfacebrightnes27 28 re-
quiresseveralhoursof integrationtime on4 m classtelescopes,
andto imagea sizeablesampleof nearbygalaxieswould re-
quire hundredof hours. Furthermore,at elding would have
tobeaccuratdo 0 1% overtheentirel0 30 eld.

Thesepracticaldif culties can be solved by exploiting the
factthatthe 1 z # cosmologicakurfacebrightnesslimming
is avery slow functionof redshiftfor z 1. Whereasnoving
agalaxyfromz 00L1ltoz 0 1reduceststotalbrightnesdy
5 magnitudesits surfacebrightnesshangesy only 0.35mag.
In practiceit is easietto detectveryfaintsurfacebrightnesdea-
turesaroundagalaxyatz 01thanatz 0 01asit occupies
a70 smallerareaof the detector Furthermoreandmostim-
portantly a studyof tidal featuresatz 0 1 doesnotrequirea
dedicatedsuney but canbedonewith existingimagingdata.

3. DATA

We usedatafrom two deepextra-galacticsureys: the Mul-
tiwavelengthSurney by Yale-Chile (MUSYC; Gawiser et al.
2005), and the NOAO Deep Wide-Field Surey (NDWFS;
Januzzi& Dey 1999, Januzziet al. 2005, Dey et al. 2005).
The dataproductsfrom the opticalimagingcomponent®f the
two surwey arequite similar, asthey bothusethe 8192 8192
pixel MOSAIC camera®n the NOAO 4mtelescopesThefull
datasetovers10.5squaredegreesof sky, reachingl surface
brightnesdevelsof 29magarcsec 2.

3.1. MUSYC

MUSYC is a deepoptical/neaiinfraredimaging and spec-
troscopicsunwey of two Southernandtwo equatorial30 30

1 http:/ivwwnoao.edu/noao/nodeg/DR3/

R

elds, chosenfor their low backgroundandthe availability of

dataatotherwavelengthsThe elds arethe ExtendedChandra
DeepField South(E-CDFS),the ExtendedHubble DeepField

South(E-HDFS),the eld centeredbnthez 6 3 SloanDigital

Sky Surwey quasalSDSS1030+05Beckeretal. 2001),andthe
blanklow backgroundeld CW 1255+01.The primarygoal of

thesuney is thestudyof normalandactive galaxiesatz 2.

Thesurnwey designanddataanalysigproceduresredescribed
in Gawiseretal. (2005). Brie y , the opticalimagingdatacon-
sist of deepUBVRIz exposuresobtainedwith MOSAIC-I on
the Mayall 4m telescopeon Kitt PeakandMOSAIC-II on the
Blanco4mtelescopen CerroTololo. Theimageshave ascale
of 0 267pix !, and typical seeingof 1 1. The datareach
depthsof 26inU, 265inB,V,andR, 25inl, and

24 in z (AB magnitudesb5 point sourcedetections)with
somevariation betweenthe elds. The full exposuretime is
typically realizedoveranareaof 33 33, andthetotal optical
surwey areais 1 2 deg?.

For detectionof low surfacebrightnesdeaturesve usedthe
co-addedBVR” images(seeGawiser et al. 2005),which are
combination®f the B, V, andR frames.Thetotal effective in-
tegrationtime of theseframesis typically 8 hours.The nal
depthreachesnagnitude 27(AB;5 pointsourcedetection),
with slight variationsfrom eld to eld.

3.2. NOAO DeepWde-Held Survey

The NDWFS s a public optical and nearinfraredimaging
surwey overtwo 9.3deg? elds: a3 3 eld in Bodtes,cen-
teredat 14"32™, 34 17,anda23 4 eld in Cetus,cen-
teredat2'10™, 4 30 (seeJanuzzi& Dey 1999;Januzzital.
2005). The primary goal of the suney is to studylarge scale
structureatz 1. We usethe opticalimagesavailablein the
third datareleasg DR3; October22 2004). This releasecom-
prisesthe entire9 3deg? Bobtes eld.

Comparedto MUSYC, the NDWFS sacri ces multi-band
coveragefor area. Only threeoptical Iters areused: By, R,
andl. TheB,, lter wasdesignedspeci cally for the NDWFS:
it is a very broadblue Iter, effectively a combinationof the
standardJ andB lters. Exposuretimesvary acrosshe eld;
themedianvaluesare8400sin B,,, 6000sin R, and11400sin
|. Detailsof DR3 canbefoundonthe NDWFSwebpages

The datawerenot pastedogethetin amosaicby NOAO but
releasedhs27 partially overlapping35 35 MOSAIC point-
ings. We obtainedall 27 pointingsin By, R, and| from the
NOAO archwe. In orderto increasethe signal-to-noisgS/N)
ratiowe createdco-addedBRI” imagesjn thefollowing way.
First,all imagesverenormalizedsuchthat1 countcorresponds
to AB 30mag. Next, the summedBRI imageswere created
fromtheB, R, andl framesaccordingoBRI B R 05 |I.
This procedureoptimizesthe S/N ratio for objectswith theap-
proximateSED of nearbyelliptical galaxies.

3.3. Depthof Summedmages

The detectionof diffusetidal featuresdependson the limit-
ing surfacebrightnesdevel of the data,not on the point source
detectionlimit. To assesshe (AB) surfacebrightnesdimits
we placedrandomapertureswith an areaof 1 in emptyre-
gions,anddetermined¢herms uctuations. The co-addedm-
ageswereused,i.e., the “BVR” imagesfor MUSYC andthe
“BRI" imagesfor NDWFS.
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Fic. 2.— Sampleselection. Solid lines shav the expectedB R colors and R magnitudesfor L and 3L elliptical galaxiesat redshifts

004 z

0 20. Thedashedinesshawvs theselectiorregionin colorandmagnitude MUSYC consistf four 0.3deg? elds, includingtheareas

aroundthe ChandraDeepField Southandthe HubbleDeepField South. The NDWFS coversa contiguousareaof 9.3deg?.

The MUSYC imageshave a typical 1 surface bright-
nesslimit of 29 5magarcsec > whereasthis limit is
29magarcsec ? for the NDWFS images. Thesenumbersare
approximatethe exactlimit depend®nthe eld, thelocal at
elding accurayg, andontheassumedpectrakenegy distribu-
tion of thesource.Thegreaterdepthof MUSYC wasexpected,
asmoreexposuretime wasdevotedto the ef cient B, V andR
lters.

Theability to detectiow surfacebrightnessemissiorisin u-
encedby the extentof thefeaturesconfusionwith neighboring
objectsthecontrastwith the smoothemissionfrom the galaxy
andothereffects;in practicewe nd we cancon dently iden-
tify featuresdovnto ~ 28magarcsec 2.

4. SAMPLE SELECTION
Theinitial sampleselectionis basedn colorandmagnitude

only. No morphologicalcriteriaareapplied,for threereasons:

rst, a simple color cut is straightforward to reproduce;sec-
ond, asthe galaxiesaretypically atz 0 1 it canbe dif cult
to determinemorphologiedrom ground-basedata(see§5.1);
andthird, theclassi cationprocesstself might biasthe sample
towardor againsigalaxieswith tidal features.

4.1. Catalags

Thecombinatiorof thetwo sureyscomprise81 multi-band
tiles, eachcovering 03deg?. Catalogswere createdusing
the SExtractorsoftware (Bertin & Arnouts 1996). SExtrac-
tor catalogswere available for both surveys but theseare op-
timized for faint point sourcesnot for large, nearbygalaxies.
SExtractorwas run with its default settings,with the follow-
ing changes.The detectionthresholdwassetat 20 , with the
addedrequirementhat10 adjacenpixelsareabove thethresh-
old, andthe meshsize for backgroundsubtractionwas set at
400pixelsratherthanthe default64 to avoid oversubtractiormf

thebackgroundor largegalaxies Matchedphotometryin each
bandwasobtainedby running SExtractorin dualimagemode,
alwaysusingthe R-bandimagesfor detection.

SExtractors AUTO magnitudesare usedas bestestimates
for total magnitudes Colorswereinitially determinedn x ed
5 diameteraperturesHowever, we nd thatcolorsmeasured
in x ed aperturesare not well suitedfor theselarge objects
asthey introducedistance-dependestlectionbiases.Specif-
ically, whenselectingon aperturecolor the sampleinvariably
containslarge, presumablyvery nearby spiral galaxieswith
blue disksandred bulges. In the following, B R colorsre-
fertoBauto Rauto, measuredn dualimagemode.

Finally, themeasured,, R colorsin theNDWFSarecon-
vertedto the standardlohnsorsystem.The B,, lter wascre-
atedfor the NDWFS and hasa bluer centralwavelengththan
theB Iter. Usingtemplatesrom ColemanWu, & Weedman
(1980)we derive

B R 027 062B, R 007B, R2 (1)

Thistransformatiorholdsto afew percenforl B R 25

andredshiftsz 0 2, andwasappliedto the NDWFS photom-
etry prior to the sampleselection.Total magnitudesandcolors
aregivenontheVegasystento facilitatecomparisonso previ-

ousstudies.

4.2. Color Selection

Galaxiesareselectedn the basisof their total R magnitude
andB Rcolor. Figure2 shaws color-magnitudediagramsfor
the four MUSYC elds (left) andfor the 27 NDWFS elds
(right). Only objectswith a star/galaxyclassi cation 006
are shovn (seeBertin & Arnouts 1996). This classi cation
is fairly robust at the magnitudesof interest,and effectively
removesboth non-saturate@dnd saturatedstarsfrom the sam-
ple. Visual inspectionrevealedthat the software assigneda



star/galaxyclassi cation 0 06 to four galaxiesin our sam-
ple; for theseobjectsthe valuewas manuallysetto zero. We
note that the coresof somebright galaxiescan be saturated,
which in uencesthe magnitudesand (particularly) the colors
in unpredictablavays.As this effectis dif cult to quantifyand
only in uencesa handful of objectswe did not attempta cor-
rection. Thedistribution of pointsis similarin thetwo suneys.
Thenumberof objectsin the NDWFSis anorderof magnitude
largerthanin MUSYC, asexpectedrom thedifferencein area.
We selectedgalaxieswith the colors and magnitudesof
L L early-typegalaxiesat005 z 02. Thetwo solid
lines shaw the colors of the Colemanet al. (1980) E/SOtem-
plate redshiftedfrom z 004toz 020, normalizedto L
and 3L (Blanton et al. 2001). Dashedlines delineatethe
adoptedselectionregion: R 17,16 B R 22, and
B R 16 012 R 15. Thegalaxiesin thedashed
region arethe brightestandreddestin 105 squaredegreesof

sky.
4.3. Additional Steps

After visualinspectiorof theinitial sampleof 155redobjects
32 were removed for variousreasons. The discardedobjects
fall in a wide rangeof categyories: mis-classi edstars(usually
blendswith other starsor galaxies);objectson the edgeof a
eld; spuriousobjects(alwaysnearvery bright stars);severely
saturatedgalaxies(althoughinterestingin their own right, as
they arelikely very brightactive nuclei);andgalaxieshathave
morethanonecataloglisting. Thelatteroccursbecaus¢he 27
NDWEFStiles have someoverlap;in thesecaseghe datafrom
the overlappingpointingswereadded,unlessthe S/N is much
higherin one of the two. We alsoremoved 12 galaxiesthat
arelikely memberof known galaxyclusters Eightarelocated
within 8 of NSCJ142841+32385% clusteratz 0127,and
four arelocatedwithin 4 of the poorefr morecompactcluster
NSCJ142701+341214tz 02 (Galetal. 2003).

Finally, we inspectedall galaxieswith 17 R 1775to
identify memging pairs (see85.2) that are split into two ob-
jectsby SExtractoyandwhosecombineduminositiesandcol-
orswould placethemin our selectionregion. Threesuchpairs
wereidenti ed, andthebrightestgalaxyof eachpairwasadded
to thesample:4-1190,4-1975,and22-2252.The nal sample
thusconsistof 126red eld galaxiesn MUSYC andthethird
datareleaseof the NDWFS.

4.4. MedianRedshift

The medianR magnitudeof galaxiesin our sampleis 16.4,
andthe medianB R coloris 1.92. As canbe seenin Fig.
2 thesevaluessuggesthatthe mediangalaxyisanL 12L
early-typegalaxyatredshiftz 0 11. Currentlywe have red-
shiftsfor only nineof the 123galaxies:four in the CDF-Sfrom
COMBO-17(Wolf etal. 2005),two in the SDSS1030+05 eld
fromtheSDSS(York etal. 2000),andthreein theCW 1255+01
eld from the SDSS.The meanredshiftof thesenine objects

z 0 13with aspreadof 0.02, consistenwith the expecta-
tionsfrom our color selection.

As a further test on the selectionwe obtainedphotometric
andspectroscopiciatain tenrandomlyselected3 3 elds
from the SDSS.Galaxieswereselectedn theg r vs.r plane
in the samemannerasin our study usingthe Fukugitaet al.
(1995) transformationgo corvert our R andB R limits to
SDSSr andg r limits. The medianredshiftis 0.098,with
90% of the galaxiesatz 005. Therms eld-to- eld varia-
tion of themedianis only 0.008.

~

In the following we will adoptz 0 1 asthe medianred-
shift; our conclusionshangevery little if we wereto use,e.g.,

z 008orz O013instead.Forz 01 ourobsenedR-band
limit corresponddo Mg 21, and the mediangalaxy has
Mgr 22.

5. ANALYSIS
5.1. Morpholagies

All galaxieswvereassigned morphologicatype by visually
inspectingtheir summedimages(i.e., the “BVR" imagesfor
MUSYC galaxiesandthe “BRI” imagesfor NDWFS objects).
Theimagesspana largerangein surfacebrightnesdevels,go-
ing from thenearlysaturatedentralregionsto verylow surface
brightnesdeaturesipto  50kpc away from thecenter As the
relevant dynamicbrightnessrangeis  10* eachgalaxy was
displayedat four differentcontrastevelssimultaneously

The morphologicaltypesare necessarilybroad. Although
the S/N ratio is very high the spatialresolutionis quite poor:
thetypicalseeings 1 1,whichcorrespondso 3kpcatz 0 1.
Therefore,we only have 2 3 resolutionelementswithin the
half-light radii of mary galaxies(see,e.g.,JggensenFranx,
& Kjeergaard1995). The assignedypesarespiral (S), indicat-
ing the presencef spiral armsand/orstarforming regionsin
adisk; SO, indicatingan early-typegalaxywith an unambigu-
ousdisk component;and E/SQ, indicating a bulge-dominated
early-typegalaxy We cannotsecurelyseparatelliptical galax-
ies from bulge-dominatedr face-onS0 galaxies.Contraryto
theusualde nition the E/SOclassthereforeencompassesallip-
ticals, bulge-dominate®0s,E/S0s,andSO/Es.

Morphologicalclassi cationsarelisted in Table 1, andim-
agesof all 126 galaxiesare shovn in the Appendix. As ex-
pected,the sampleis dominatedby early-type galaxies: of
126 objects, 10 (8%) are classi ed as spirals, 30 (24%) as
SO0s(i.e., disk-dominatedearly-typegalaxies),and 86 (68%)
asE/SOs(i.e., bulge-dominateckarly-typegalaxies). Most of
the spiral galaxieshave large red bulgesand faint blue arms.
Basedon their morphologiesat surfacebrightnesdevels

25magarcseé we infer thatvirtually all galaxiesin our sample
areredbecaus®f their evolvedstellarpopulationsandnot be-
causeof dust(asis well known from mary previous studiesof
bright red galaxiesin thelocal Universe;see,e.g.,Sandagek
Visvanatharl978,Stratea etal. 2001).

5.2. Tidal Featues

Tidal featureswvere rst identi ed by visualinspectionof the
full sampleof 126 galaxies;a quantitatve analysisof distur
bancesn the restrictedsampleof 86 bulge-dominatecdearly-
type galaxiesfollows in § 5.3. The ag describingtidal fea-
turescan have one of four values: 0 for no tidal features,1
for weakfeatures2 for strongfeaturesand3 for an ongoing
interactionwith anothergalaxy Galaxiesin the “2” classare
generallyhighly deformedmemger remnantswhereashe “1”
classindicatesmore subtlefeatures. The differenceis obvi-
ouslyquitesubjectve,andin the subsequerdnalysighesetwo
classewill generallybe combinedinto one. A “3” classi ca-
tion implies that both the primary and secondangalaxy shav
cleardistortionsor tidal tails.

The key resultof our analysisis the ubiquity of tidal fea-
tures,particularlyamongbulge-dominatecarly-typegalaxies.
In the full sampleof 126 galaxies 44 (35%) show clearsigns
of pastinteractionsandin anadditional23 caseg18%) thein-
teractionis still in progress.Only 59 galaxies(47%) appear



Fic. 3.— Examplesof redmemgers,orderedby the progressiorof theinteraction.Theimagesweregeneratedby combiningthe B andR frames.
Theobjectsare17-596and17-681(a); 19-2206and19-2242(b); 1256-5723c); and16-1302(d). Panel(a)spans 5 ; panelgb), (c), and(d)
span2 5 2 5. Thetidal featuresarefaintandred,andgenerallybarelyvisible in B. Similarfeaturesareseenin alargefractionof our sampleof
123redgalaxiesjn particularamongthe bulge-dominatearly-typegalaxies.imagesof all objectsaregivenin the Appendix.

undisturbedshaving no unambiguousidal featuresatthe sur
facebrightnesdimit of the survey. The fraction of disturbed

objectsis lowestamonggalaxieswith a cleardisk component.

Among40 galaxiesclassi edasS or S0, only six (15%) shav
evidencefor pastor presentinteractions. In contrast,among
the 86 galaxiesclassi ed as E/SO undisturbedobjectsare the
exception,as61 (71%) shaw tidal features.
Thenatureandextentof the disturbancespanawide range.
Somegalaxieshaveclearlyde nedtidal tailswhile othersshov

broadfansof starssimilarto the nal framesof the simulation
shovn in Fig. 1. In mostcaseghe disturbancesresubtleand
only visible at largeradii andvery faint surfacebrightnesdev-

els, althoughsomeobjectsare strongly disturbedthroughout.
Oftenwe seea mixture,e.g.,awell de ned tail in additionto a
broad,smoothdisturbancetveryfaintlevels. Thislargerange
of propertiesis not surprisingasit re ects the variationin the
ageof theinteraction theviewing angles andthe propertieof

theprogenitors.




Fic. 4— SameasFig. 3, but now highlighting faint surfacebrightnesdevelsin the summedexposures.The four systemshave extensve tidal
debris,extendingto 1 or morefrom the center Featurescan be reliably detecteddown to

featurescontainlessthan10% of thetotal light of the galaxies.

Thetidal featuresarealmostalwaysred. In mary caseghe
featuresareonly visible in the R andl framesdespitethe sub-
stantialdepthof the blue exposures.They alsoappearsmooth,
shaving no or very little evidencefor clumpsand condensa-
tions. In theserespectshe featuresare very different from
the blue, clumpy tidal tails seenin spiral—spiralinteractions
(e.g., Mirabel, Dottori, & Lutz 1992; Hunsbeger, Charlton,
& Zaritsky 1996), and from the sharpshellsand ripples de-
tectedin unsharp-mastdimagesof ellipticals(e.g.,Schweizer
& Seitzerl992,Colbertetal. 2001). We noteherethatour data

f < SENTLE ]

28magarcsec 2. Despitetheir large extent the

arenot well suitedto identify narrov featuresasthe FWHM
resolutionof our datais about2 kpcatz 0 1.

The remarkablenatureof thesered mergersandtheir rem-
nantsis illustratedin Fig. 3. The gure shows two examples
of ongoingmergers,anexampleof a stronglydisturbedmerger
remnant,andan exampleof a galaxywith more subtledistor
tions at faint surfacebrightnesdevels, arrangedn a plausible
red megersequenceln all casegshetidal featuresaresmooth
andred,andquitedifferentfrom the highly structuredluetails
associateavith known memgersbetweergasrich disk galaxies.
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Figure4 shavs summedmagesof the sameobjects highlight-
ing the faintestfeaturesandproviding anindicationof the sur
facebrightnesdevels reachedby the obsenations. We stress
thattheseobjectsarefairly typical examples:ascanbeinferred
from the smallerimagesshawn in the Appendixthey areby no
meansuniquewithin our sample.

5.3. Quantitativeldenti cation of Tidal Features

Quantitatve characterizatiorof the tidal featuresis impor-
tantfor testingtherobustnes®f thevisualclassi cationsmea-
suringthe ux associatedvith the features,assessinghe ef-
fectsof changingthe S/N ratio, andexaminingcorrelationse-
tweendistortionsand other propertiesof the galaxies. Quan-
titative criteria are also useful as a tool for future studiesof
larger samples.Standardneasure®f asymmetry(e.g.,Abra-
hamet al. 1996; Conseliceet al. 2003) are not applicableto
thesegalaxiesasthefeaturescompriseonly a smallpercentage
of thetotalluminosityof thegalaxies.Insteadamethodwasde-
velopedwhich determinedistortionswith respecto a model
light distribution (see,e.g.,Colbertet al. 2001). The method
is only meaningfulfor bulge-dominatecearly-type galaxies,
which make up thebulk of thesample.

First,thegalaxiesare tted by anelliptical galaxymodelus-
ing the “ellipse” taskin IRAF, in threeiterations. After each
iterationamask le is updatedusingtheresidualfrom thepre-

1. i’

vious t. The centerposition, ellipticity, and position angle
areallowedto vary with radius.In casesvhereasecondjyalaxy
overlapstheprimaryobjectthetwo objectsare tted iteratively.
The nal modelimageis denotedV. Next, a“clean” galaxyim-
ageG is producedn thefollowing way. Objectsblueror redder
thanthe primary galaxy are masked, by dividing the R andB
bandimagesmedian ltering, andidentifying pixelsdeviating
morethana factortwo from the mediancolor of thegalaxy To
remove smallforegroundandbackgrounabjectsandretainthe
smoothgalaxylight a “reverse”unsharpmaskingtechniqueis
used: the galaxyimagesare comparedo Gaussian-smoothed
versionsof themseles,andpixelsdeviating morethana factor
two are masled (excluding the galaxy centers). Pixels in the
vicinity of masled pixelsarealsomasled. Finally, a fractional
distortionimageF is createdby dividing G by M. The dis-
tortionimageis corvolvedwith a5 5 medianlter to reduce
pixel-to-pixel variations. The parametet describingthe level
of distortionis de ned as

t Ry By 2

The tidal parametethus measureshe medianabsolutedevia-
tion of the (fractional)residualdrom themodel t.

The procedurss illustratedin Fig. 5, for a galaxypair with
no visible distortions,a galaxywith a weaktidal feature,anda
stronglydisturbedobject. Thevisually identi ed tidal features

t=0.08

Fic. 5.— lllustration of the derivation of t, the quantity describingthe deviationsfrom ellipse ts to the galaxies. Threegalaxiesare shawvn:
7-1818(top) hasno visually detectedeatures;18-794(center)hasa weaktidal feature,and1256-5723 bottom)hasstrongtidal features.From
left to right are shavn: the summedgalaxyimage;the galaxyimageG with sharpfeatures blue features,andlow S/N regions masled; the
elliptical model t M; andthemedian- Itered,noise-correctedistortionimageF from whicht is measured.



areisolatedandemphasizedh the distortionimagesF shovn
at right. The correspondingaluesof t vary from 8% for the
undistortedbbjectto 24 % for the stronglydisturbedobject.

In Fig. 6(a) the valuesof t arecomparedo the visual tidal
classi cationsfor all 86 bulge-dominateckarly-typegalaxies.
Thereis a strongcorrelation: the medianvalue of t is 0.08
for galaxiesclassi edasundisturbed.13for weaklydisturbed
galaxiesand0.19for stronglydisturbedgalaxiesandongoing
memgers.Tidal featuresareusuallyvisuallyidentied if t 0 1:
of 23 galaxieswitht 01 only 5 (22%) werevisually classi-
ed astidally distorted,comparedo 56 out of 63 galaxieswith
t 01 (89%). We concludethatthe visually identi ed distor
tionsarerobustandimply medianabsolutedeviationsfrom an
ellipset of 10%.
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Fic. 6.— Comparisorof visualclassi cationsandthetidal parameter
t for the 86 galaxiesclassi ed asE/SO. Thereis a strongcorrelation
between andthevisualclassi cations.Galaxieswith visuallyidenti-

ed tidal featureggenerallyhavet 0 1. Thehistogramsn (b) shav
the effect of lowering the S/N ratio by a factorten. The majority of
galaxiesmovetot 0 1, andhencewouldnotbeidenti ed astidally
distortedobjects.

The distortionmapsF canbe usedto estimatethe amount
of starlight associatedvith the tidal features. Visual inspec-
tion of the distortionmapssuggestshat pixels deviating more
than 15% from the modelare usually associatedvith visible
features.A maskF wascreatedby settingpixelswith values

015in F to 1 andall otherpixelsto zero. Therelative ux
in thetidal featureswasthenestimatedasfollows:

F G M
ft Xy Xy xy (3)
Myy

with the summationgver all pixelsx y. As expectedthe me-
dianvalueof f; is low for the 25 E/SOgalaxieswitht 0 1:
0.01, about1 % of the galaxylight. The medianis 0.04 for
the63 galaxieswitht 01 and0.07for the 14 mostdisturbed
galaxieswith t  02. From varying the cutoff in F the sys-
tematicuncertaintyin thesevaluesis estimatecht 30%. We
infer that— despitetheir large extent— the tidal featurestypi-
cally containonly about5 % of thetotal light of thegalaxies.

5.4. OngoingMergers

Thereare 23 galaxiesin the samplethat show a cleartidal
connectionto a secondanobject. In four caseghe secondary
objectis alsoin thesampleof 126,leaving nineteeruniquesys-
tems. The fact that tidal featureshave developedimplies that
dynamicalfriction is alreadyatwork. Assumingthatthe galax-
ieswereinitially on nearlyparabolicorbits,which is areason-
ableassumptiorfor eld galaxiestheimplicationis thatvirtu-
ally all thesegalaxieswill eventuallymeme (J. Barnes private
communication) We notethatour selectionof memerpairsby
tidal featuress differentfrom “standard”photometriandspec-
troscopicselectiorof closepairs,wherethe numberof mergers
is always smallerthanthe numberof closepairs (e.g., Patton
et al. 2002): as expected,thereare several closepairsin our
samplewhich do not show tidal featuresandarenot classi ed
asongoingmeigers(see.e.g.,thetop panelsof Fig. 5).

The 19 memgersystemsareshavn in Fig. 7; colorimagesof
theseobjectsarein the Appendix,alongwith all othergalaxies.
In mostcasesheprimarygalaxyis in thesampleof 126andthe
secondargalaxyis not(becausé hasR 17).In casewhere
bothgalaxiesarein the sampleandin casesvheretheprimary
galaxyhasadoublenucleuswe designatedhe brightestobject
or nucleusasthe primary object. The primary galaxiesin the
merging pairsareequallybrightasothergalaxiesn thesample:
theirmedianR magnitudds 16.3,comparedo 16.4for thefull
sampleof redgalaxies.

The meiger samplecomprisesobjectsconnectedy a tidal
“bridge” (e.g.,1-2874,5-2345,18-485/522);doublenucleiin
a highly disturbedcommonenvelope(cdfs-374,cdfs-1100 4-
1190,11-962);andobjectsof similar brightnesswith disturbed
isophotesand tidal tails or fans (e.g., 2-3070/3102,4-1975,
7-4247,17-596/681,19-2206/2242).Visual inspectionof the
merging systemsndicatesthatthe memgersareusuallynot be-
tweenblue, disk-dominatedsystemsbut betweenred, bulge-
dominatedsystemsFurthermorein mary caseshe secondary
galaxyappearso beof similarbrightnessstheprimarygalaxy
Eight of the 126 galaxiesaremerging with eachother:thefour
bright, redpairsare2-3070/310217-596/68118-485/522and
19-2206/2242.

We quanti ed theseeffectsin the following way. The lumi-
nosityratiois de ned as

L2

10 Ri R 25 4

» (@)
andthe color differenceas

B R B R B R ()

In the 16 casesherethe primaryandthe secondargalaxyare
bothin the SExtractorcatalogwe calculatedhe luminosityra-
tio andthe color differencedirectly (see84.1). In threecases
the pair is too closeto be separatednto two objectsby SEx-
tractor (cdfs-374,cdfs-1100,and 11-962). Theseobjectsare
perhapsetterdescribedassinglegalaxieswith doublenuclei.
Photometnyfor the nucleiwasobtainedfrom aperturgphotom-
etry, with the radiusof the apertureequalto half the distance
betweenthe nuclei. We note that the double nucleusof 11-
962 is elongatedbut unresoled in the NDWFS images: the
enlagedimageshowvn in Fig. 7 wasobtainedwith the OPTIC
cameraTonry etal. 2005)onthe WIYN telescopeandhasa
resolutionof 0 45 FWHM.

As a checkon therobustnes®f theresultswe alsoobtained
aperturephotometryin x ed5 aperturedor the 16 pairsthat
arewell separatedThis methodunderestimatethe luminosity
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Fic. 7.— The nineteenongoingmemersin the red galaxy sample. The centerof 11-962is unresoled at the resolutionof the NDWFS, and
the imageshawing the two nucleiwasobtainedwith the WIYN telescopen O 45 seeing.Notethatin four caseshoththe primary galaxyand
its companiorarein theR 17 red galaxysample.In threecaseg4-1190,4-1975,and22-2252)the individual pairedgalaxiesarefainterthan
R 17 but their combineduminosity exceedshis limit.
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Fic. 8.— Luminosityratiosandcolor differencef the 19interactingpairs. The medianluminosityratiois 0.31,andthemediancolor difference
is 007. Panel(a) shavs thatthe color differencecorrelateswith the luminosityratio, in the sensethatfaint companionsrebluer The broken
line is the correlationexpectedfor early-typegalaxieson the colormagnituderelation. Color differencesare plottedin (b), after removing this
relation. Themedianresidualcolor differenceis 0 02, with a scatterof 0 13 magnitudes.

differencesasthesecondargalaxiesareusuallymorecompact
than the primary galaxies. Neverthelessthe resultsare very

similar, giving a medianluminosity ratio thatis only  20%

higherthanderivedfrom the SExtractorAUTO magnitudes.

The pair photometryis givenin Table1. Luminosity ratios
rangefrom 0.04 to 0.80, i.e., from relatively minor 1:25 ac-
cretion eventsto nearly equalmassmergers. The medianlu-
minosity ratio is 0.31,or a 1:3 meger We concludethat ap-
proximately half the ongoinginteractionsare major memgers.
Themediancolordifferencasonly 0 07,i.e.,companiongre
typically 0.07magnitudebluerthantheprimarygalaxy Asthe
companiongare (by de nition) fainterthanthe primary galax-
ies, this small differencemay be an effect of the existenceof
thecolor-magnitudeelation. Figure8(a)shavstherelationbe-
tweencolor differenceandluminosityratio. Thereis acorrela-
tion, with thefaintestcompaniondeingthebluest.Thedashed
line shavstheexpectedcorrelatiorfor elliptical galaxiesonthe
(galaxy cluster) colorr-magnituderelation (L6pez-Cruz,Bark-
house,& Yee2004). In Fig. 8(b) we shaw the distribution of
residualcolor differencesafter subtractingthis relation. The
medianof the distributionis 0 02 andthe rms scatteris only
0 13magnitudes.

Theseresultsshow that the ongoingmergersin our sample
occur“within” thered sequencevith very small scatter This
result cannotbe attributed to our selectioncriteria: as 16 of
the 19 pairs are separatedy SExtractorthereis no obvious
bias againstdetectingblue companiongo the primary galax-
ies. Thereis a hint that the obsened relationin Fig. 8(a) is
steeperthan expectedfrom the color-magnituderelation, but
this is largely dueto the two pairswith L, L; 005 andthe
spiral/SOmemer 18-485/522. Among pairswith L, L; 01
whoseprimary galaxy is classi ed as early-typethe residual
scatteiin B R isonly 0.08magnitudes.

TABLE1
PHOTOMETRY OF MERGER PAIRS

Object L, L1 B R

cdfs-374 0.39 008
cdfs-1100 0.35 012
cdfs-6976 0.23 014
1-2874 0.05 050
2-3070 0.63 005
4-1190 0.39 002
4-1975 0.51 016
4-2713 0.13 029
5-2345 0.04 039
7-4247 0.21 003
11-962 0.69 000
11-1278 0.15 007
11-1732 0.20 029
14-1401 0.24 003
17-596 0.65 002
18-485 0.80 022
19-2206 0.41 008
22-2252 0.31 007
26-2558 0.20 010

6. DISCUSSION
6.1. WhyWere They Missed?

The key resultsof our analysisare the large numberof on-
goingred memersandthe ubiquity of tidal featuresassociated
with (in particular)bulge-dominate@arly-typegalaxieqgalax-
iesclassi ed as“E/SQ"). As discussedn §85.2thelarge scale,
low surfacebrightnesseaturesthat we seeare differentfrom
the ripples and shells that have beenreportedpreviously in
unsharp-masédimagesof ellipticalsatz 0. Our sampleis
essentiallylocal, in the sensethat the meiger rate is not ex-
pectedto evolve signi cantly fromz O01toz 0. Nearby
galaxieshave beenstudiedin greatdetailoverthe pastdecades,
andbeforediscussinghe consequencesf our ndings we ad-



dressthe questionwhy this preponderancef smoothredtidal
featureshasnot beenseerbefore.

The subjectie nature of the visual classi cations can be
ruledoutasa causegiventhe consisteng of visualandquanti-
tative classi cations:73% of E/SOgalaxieshavet 0 1. Small
numberstatisticsalsoplay a minor role giventhelargenumber
of objectsin the sample. Given the fact that morethan90%
of the samplecomesfrom the NDWFSwe cannotrule out that
thefraction of interactinggalaxiesis unusuallyhighin thatre-
gion of thesky. Random3 3 SDSSelds (see§4.4) shov
substantiapeaksin the redshiftdistribution within each eld,
re ecting the factthatmostred galaxiedlive in groupsand |-
aments We note,however, thatthered galaxiesaredistributed
ratheruniformly over the NDWFS area,andthat someof the
mostspectaculamemersarein theunrelatedMUSYC elds.

The mostlikely reasonwhy the ubiquity of red memersin
thelocaluniversewasmissedsofaris thedepthanduniformity
of the available imaging. Classicimaging studiesof nearby
elliptical galaxies(e.qg., Franx, lllingworth, & Heckman1989;
Peletieret al. 1990) usedexposuretimesin the red of only
180s—600s on1m — 2m classtelescopesandsuchshortex-
posureshave beenthe norm ever since(e.g.,Zepf, Whitmore,
& Levison1991;Pildis, Bregman,& Schombertl995;Jansen
etal. 2000;Colbertetal. 2001). Similarly, the effective expo-
suretime of the SloanDigital Sky Surwey is about51s per lter
(York etal. 2000).

Among the deepesimaging surweys are thoseof Malin &

Carter(1983), who performedextremeenhancementsf pho-
tographicplatesto bring out low surface brightnessfeatures,
andSchweize& Seitzer(1992),who used2400s — 3600s in-
tegrationswith the 0.9m telescopen Kitt Peak.Thesestudies
reachAB surfacebrightnesdimits of 26 5magarcsec 2.
Althoughbothstudiesnd sharpdistortionsin the form of rip-
plesandshellsin alargefraction of ellipticals, their depthand
eld-of-view are not sufcient to nd the large low surface
brightnesdeatureghatwe reporthere. The exposuretime that
wentinto eachof the imagesdiscussechereis 27 000s on
4m classtelescopegquippedwith modernCCDs (equivalent
to 120 hourson a 1 m classtelescope)andto our knowledge
suchlong exposureshave never beenobtainedof a signi cant
sampleof nearbyredgalaxies.

Figure9 shovswhatFig. 4 wouldlook likeif we hadexposed
for 600sonalm classtelescopeVerylittle remainsof thedra-
matic tidal featuresevidentin Fig. 4, illustrating the extreme
depthof the NDWFSandMUSYC suneys. We quanti ed the
effect of the S/N ratio on the detectabilityof tidal featuresby
arti cially increasinghenoisein ourimagesby afactorof ten,
correspondingo adecreas@é exposureime of afactorof 100.
The degradedimagesare of similar depthas thoseof Malin
& Carter(1983)and Schweizet& Seitzer(1992),andarestill
substantiallydeepeithanvirtually all otherimagingstudiesof
nearbyelliptical galaxies. As shovn in Fig. 6(b) the distribu-
tion of t changesubstantiallywhenthe S/Nis decreasedOnly
29% of E/SOsin the degradedmageshavet 0 1, compared
to 73% in the originalimages.

We concludethat the high incidenceof tidal featuresin our
sampleis a direct consequencef the faint surfacebrightness
levels reachedby the data. We alsonotethat at elding un-
certaintiesmay prohibit the detectionof broadtidal features
aroundlocal galaxiesirrespectve of exposuretime. The faint
debrisin Fig. 4 hasa very large extentin comparisorto the
high surface brightnessregions visible in Fig. 9, and moving

the galaxiesto z 0 01 would changethe surfacebrightness
very little but increasehe sizesof the debris elds to 10 or
more. Finally, galaxy surweysin blue lters (e.g.,Arp 1966)
would classifythe majority of objectsin our sampleasundis-
turbedevenif they metthe surfacebrightnessand at elding
requirements.

St nea ° sl

Fic. 9.— Simulatedappearancef the galaxiesin Figs.3 and4 if
obsered for 600s on a 1 m classtelescopea typical imagingdepth
for studiesof nearbybrightgalaxies.Owingto its low surfacebright-
nessthe large scaletidal debrisis all but invisible. For comparison,
thecontouroutlinesthe 27 5magarcsec ? level in Fig. 4.

6.2. RecenMerger History of Bulge-Dominatedsalaxies

We rst determinethe implicationsof the obseredinterac-
tions only, without applying correctionsfor the shortduration
of the memgers. We de ne a samplewhich containsboth cur-
rentandfuture bulge-dominatedjalaxies,consistingof the 86
bulge-dominatedjalaxies(classi ed as E/S0), minus half of
the six E/SOswhich are interactingwith eachother, plus the
disk-dominatedgalaxies(classi ed as S or S0) which arein-
volvedin a major memger. Amongdisk-dominatedjalaxiesthe
only majormemeris thespiral/SOpair 18-485/522whosecon-
stituentgalaxieshave roughly equalluminosity. Thetotal sam-
ple of currentandfuture bulge-dominatedyalaxiesis therefore
86 3 1 84. Amongthis sampleof 84 galaxiesthereare
eighteencurrentmergersand 41 remnants,and we infer that
70% of currentand future bulge-dominatedyalaxiesexperi-
encedamergeror accretioneventin therecentpast.

The red ongoingmemersandthe red tidal featuresassoci-
atedwith mary of the E/SO galaxiesvery likely samplethe
samephysicalprocessat differenttimes. On average,galax-
ieswith strongtidal featuresare probablyobsened shortly af-
terthe memgerandgalaxieswith weakfeaturesare obsenedat
latertimes. Assumingthatthe ongoingmemersarerepresenta-
tivefor the progenitorsof all remnantsve candirectly infer the
massratios of the progenitorsof the full sampleof 59 current
and future bulge-dominateckarly-typegalaxies. The median
luminosity ratio of the ongoingmemersis 0.31, and the me-
diancolor differenceis negligible aftercorrectingfor the slope



of the color-magnituderelation. AssumingthatM L M°?
(e.g.,Jggenseretal. 1996)aluminosityratio of 0.31impliesa
medianmasgratio of 0.23,0r a1:4 memer

Thereis also indirect evidencethat the progenitorsof the
remnantswere typically major memgersratherthanlow mass
accretionevents. Simulationsby Johnston,Saclett, & Bul-
lock (2001) shav that surface brightnesdevels 28 33
are typical for the debrisof small satellitessuch as the Lo-
cal Group dwarfs. Similarly, the averagesurface brightness
of the giant streamof M31 is y 30magarcsec? (Ibata
et al. 2001) andthat of the debrisfrom the Sagittariusdwarf

v 31magarcsec? (Johnstonet al. 2001). All theseval-
uesarewell beyondthe detectionlimit of our surwey. Further
more, the fraction of tidally disturbedgalaxiesis muchlower
amongdisk-dominatedyalaxiesthan amongbulge-dominated
galaxies. Ignoring the ongoing memgers only 8% of disk-
dominatedgalaxiesshow tidal featurescomparedto 62% of
bulge-dominatedyalaxies. This differenceis consistentwith
the ideathatthe eventsresponsibldor the tidal featureswere
usuallysufciently strongto disturbarny dominantdisk compo-
nent. Finally, the fact that the featuresaretypically broadand
redsuggestshatthe progenitorsveredynamicallyhot systems
with old stellar populations,consistentwith the propertiesof
thegalaxiesn theongoingmemers.We alsonotethatthefrac-
tion of light associateavith thefeature 5%) is verysimilar
to thefractionof light associateavith thetidal debrisin the1:3
memgersimulationshovn in Fig. 1.

We concludethat approximately35% of bulge-dominated
redgalaxiessxperiencedhmajormeigerwith massatio 1:4
in thetime window probedby our obsenations. This resultis
direct obsenationalcon rmation of the hierarchicalassembly
of massve galaxies.

6.3. Merger Rateand MassAccretion Rate

Up to thispointtheanalysisdid notrequireanestimateof the
timescaleof the megers. Suchestimatesre obviously uncer
tain, butthey arenecessarfor turningthemergerfractioninto a
mergerrateanda massaccretiorrate. Thesenumbersaremore
easilycomparedo modelsandotherobsenationalstudiesand
areneededor extrapolatingtheresultsto higherredshifts.

Thememerratecanbede nedin avarietyof ways(seege.g.,
Pattonetal. 2002). Hereit is expressedsthe numberof rem-
nantsthatareformedper Gyr within our selectiorarea:

R Im Gyr ! (6)
tm
with fq, the fraction of the galaxy populationinvolved in a
merger— with pairs countedassingle objects— andty, a char

acteristictimescalefor the memgers. We restrictthe analysisto

the sampleof nineteenongoingmemers,assimulationsof the
fadingof tidal debrisaroundthe remnantf dry memgershave

notyetbeendonein a systematiavay.

Following Pattonet al. (2000)we assumehatthetimescale
of the memgerscanbe approximatedy the dynamicalfriction
timescalegivenby

264 10°r2y,

Tfric TC Gyr (7)
wherer is the physicalseparatiorof the pairs, v, is the circu-
lar velocity, M is the massof the lowestmassgalaxy andIn
is the Coulomblogarithm(seeBinney & Tremainel987; Pat-
ton etal. 2000). The medianprojectedseparatiorof the paired
galaxiesis 8 6,0or 16 3 kpcatz 010 002. Assuming

randomorientationghis correspond$o a medianphysicalsep-
arationr 20 4 kpc. To obtainan estimateof v, we assume
thatthe pairshave similar line-of-sightvelocity differencesas
the seven elliptical-elliptical memgersdiscussedn Combeset
al. (1995). The meanvelocity differenceof the Combeset al.
pairs v 296 91kms %(with the error determinedby the
jackknife method),implying v 3 v 513 158kms !
for anisotropicvelocity distribution. The medianmassof the
companionss 7 3 10'°M ,whereweusedM Lr 46
in Solar units to corvert luminosity to mass(van der Marel
1991) and assumedz 010 002. Taking In 2 (fol-
lowing Dubinskiet al. 1999and Pattonet al. 2000) we obtain
Tric 04 02Gyr. With f,, 19 122 016 003we ob-
tainR 04 02Gyr L.

Theeffectof thememersonthe massevolution of redgalax-
ies not only depend=n the memger rate but alsoon the mass
changeresultingfrom individual mergers. The massaccretion
ratecanbe approximatedy

MM R M; M Gyr ! (8)

with M, M; the medianmassratio of the memgers. As shovn
in 86.2thisratiois approximately0.23. With R, 04 we ob-

tain M M 009 004Gyr 1, i.e., meging increaseghe
masse®f galaxieson the red sequencdy 10% every 10°
years.

For comparisorto otherstudiesit is alsoof interestto con-
siderthe majormegerfractionwithin a projectedseparatiorof
20kpc. Thereareserenred pairswith luminosityratio 03
andprojectedseparation 11 , correspondingo a fraction of
006 002. It shouldbe stressedhat this numberrefersto
mergerswithin the red sequencenot to the memer fraction
within the full sampleof R 17 galaxies. The colorsof the
well-separategairs shav that red galaxies‘prefer” to merge
with otherred galaxies.We have not examinedthe prevalence
of memersamongluminousblue galaxiesbut asdiscussedn
§1 the stellar populationsof ellipticals rule out widespread
major mergersamongthis population. Therefore,the major
merger ratein the full sampleof red andblue galaxiesis pre-
sumablymuch lower thanthat within the restrictedsampleof
red galaxies. A very rough estimateof the meiger fractionin
thefull samples006 Nieg Niotar 0 02,in reasonablagree-
mentwith previousstudiesof closepairs(seeg.g.,Pattonetal.
2002,Lin etal. 2004,andreferencesherein).

6.4. Effectson the Evolutionof the LuminosityDensity

At redshiftsz 1, the obsened evolution of the luminosity
functionof redgalaxiesre ects passie evolution of the stellar
populationsandpossiblechangesn the underlyingmassfunc-
tion. As discussedh, e.g.,Mcintoshetal. (2005)thesechanges
canbe dueto memers,galaxiesenteringthe red sampledueto
changesn their starformationrate, or othereffects. The best
available constraintson the evolution of the luminosity func-
tion of red galaxieswere derived by Bell etal. (2004),using
the COMBO-17surwy. They nd thatthe luminosity density
of luminousredgalaxiess approximatelyconstanbuttoz 1,
which is surprisinggiven the expectedevolution of a factorof
3 4intheM L ratiosof thegalaxiege.g.,vanDokkumetal.
1998a,Treu et al. 2005, van der Wel et al. 2005). A possible
explanationis thatthe underlyingstellarmassdensityevolves
aswell, compensatindor passve evolution of the stellarpopu-
lations(Bell etal. 2004).

We rst determinethe effect of the obsened red memers
only, i.e., the 52% of red galaxiesthat are meimger remnants



or amemerpair. Dry memgershave no effect on the total lumi-
nosity density but they have a strongeffect on the luminosity
densityof galaxiesbrighterthana x edmagnitude.The effect
of asinglegeneratiorof mergerscanbe approximatedy

Lo
0L )

with j z theluminositydensityof luminousgalaxieseforethe
memgersandj 0 theluminosity densityafterthe memers. For
fn 052and L, Ly O3wendjz 088j0.Weuse
Monte Carlo simulationsto testthis approximationfor a du-
cial luminosity functionwith 06 andM 199 (Bell
etal. 2004). The luminosity functionis evolved backwardin
time by breaking50% of thegalaxiesnto pieceswith luminos-
ity ratio 0.3. Calculatingthe luminosity densityfor M 19
givesjz 089 0, in very good agreementvith the sim-
ple estimategiven above. The conclusionis that the effect of
the obsened mergersand remnantson the luminosity density
of brightgalaxiess small,of order10%.

The obsered interactionsonly probea relatively shortpe-
riod of at mosta few Gyr. In orderto extrapolatethe effect
of the memgersbackin time we assumehe following: 1) the
massaccretionrateatz 0lis M M 009 004Gyr !
(see§6.3); 2) the changedn luminosity densitydueto meigers
is proportionalto the accreteduminosity; 3) all red galaxies
areequallylikely to undego memgers;and4) the massaccre-
tion rateevolvesas 1 z ™. Thevalueof mis treatedasa
free parameter:obsenational constraintson the evolution of
the memgerratemay not be quite consisten{see,e.g.,Pattonet
al. 2002,Conceliceetal. 2003,Lin etal. 2004),andno studies
have speci cally consideredhe evolution of the pair fraction
amonggalaxiesontheredsequence.

Thedashedinesin Fig. 10shav thepredictedmemgerdriven
evolution of the luminosity densityof bright red galaxieswith
theseassumptionsfor three valuesof m. The model with
m 0 hasa constantaccretionrate, and in the model with
m 15 theaccretionrateis 3 higheratz 1 thanit is at
z 0. Thedottedlines show the evolution of theM Lg ratio
of eld early-typegalaxiesasmeasuredy vanderWel et al.

fm JO

jz 1

(2005). Theseauthorsnd InM Lg 120 018 zfor
galaxieswith M 2 10''M (appropriatefor our sample),
whichis consistentvith theindependenineasuremertiy Treu
etal. (2005). Thesolid line shavsthe predictedevolution of jg
whenbothmemgersandM L evolution aretakeninto account.
Grey bandsindicatethe combineduncertaintiesn InM Lg
and the memger rate. The predictedevolution of jg depends
ratherstronglyon the assumedakvolution of the massaccretion
rate:it is positive for anon-evolving accretiorrate,constantor
m 1,andnegatveform 1.

Solid points shav the luminosity densityin luminousred
galaxiesas measuredy Bell etal. (2004)(their Fig. 5). As
discussedxtensiely by theseauthorsthe dataare inconsis-
tentwith passve evolution alone(dottedcurves). However, as
canbeseenin Fig. 10thedataarefully consistentith models
thatincludethe massaccretiorratemeasuredhere. The uncer
taintiesin the datapointsthe measured L evolution,andthe
merger rate are too large to distinguishbetweenmodelswith
differentvaluesof m, althoughthedataatz 0 8 seemnto favor
modelswith m 0.

We infer thatthe cumulative effectsof dry memgersmay be
thedominantcauseof the constantuminosity densityof lumi-
nousred sequenceajalaxiesin the COMBO-17 surwey. There
are several caveats: both the datapointsin Fig. 10 and the
z 01 massaccretionrate have substantiakrrors,leadingto
awide rangeof allowed models;althoughthe mostrecentgen-
erationof memgersappeardo be (nearly) dissipationlessthis
maynolongerholdatz 0 5; andthefactthatdisk-dominated
red galaxiesprobablyevolve differently from bulge-dominated
onesis ignored.Thelack of evolutionin theluminositydensity
of bright red galaxies,if con rmed, is probablydueto a com-
bination of effectswith dry meming a signi cant, but not the
only, contritutor (seealsoMclntoshetal. 2005).

7. CONCLUSIONS

From ananalysisof tidal featuresassociatedvith bright red
galaxiesve nd that 70% of bulge-dominategjalaxiesexpe-
rienceda memgerwith medianmassratio 1:4 in therecentpast.
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Fic. 10.— Evolution of the B-bandluminosity densityof red galaxies.The dottedlines shav the evolution of theM Lg ratioof eld early-type
galaxiesasmeasuredby vanderWel etal. (2005). Dashedinesshav the counteractingeffect of redmemgers,with differentassumptiongor the

evolution of the massaccretionrate. The massaccretionrateis 9%

4% perGyratz

01,andevolvesas 1 z ™. Thesolidline shavs the

total luminosity density Grey bandsshav the combineduncertaintyresultingfrom the uncertaintiesn the memgerrateandthe evolution of the
M Lg ratio. Datapointsarefrom the Bell etal. (2004)analysisof the COMBO-17datasetThereis goodagreemenbetweerthe modelsandthe

data,in particularif m 0.



Expressedn otherways, 35% of bulge-dominatedjalaxies
experiencechmajormemgerinvolving  20% of its nal mass,
andthe currentmassaccretionrate of galaxieson the red se-
quence M M 009 004Gyr 1. Assumingaconstantor
increasingmassaccretionrate with redshiftit is inferredthat
the stellarmassdensityin luminousred galaxieshasincreased
by afactorof 2 overtheredshiftrange0 z 1.

Neither of the two standardparadigmdor elliptical galaxy
formation appeardo be consistentwith our results: “mono-
lithic” assemblyat high redshiftor late assemblyia memgers
of gas-richdisk galaxies.Instead elliptical galaxiesappearto
have beenassembleth memgersof bulge-dominatediedgalax-
ies. This“dry” form of memjingis qualitatively consistentith
the high centraldensitiesof ellipticals (Gaoet al. 2004),their
red colorsanduniform propertiesthe existenceof the M
relation(Wyithe & Loeb2005),andtheir speci ¢ frequeng of
globular clusters.

It remainsto be seenwhetherwidespreaddry memgersare
consistentvith the slopeandscatterof the color-magnitudee-
lation (seee.g.,Boweretal. 1998,Ciotti & vanAlbada2001).
The medianmemerin our samplemakesthe brightestgalaxy
more luminousby  30% andbluerby only 002 magin
B R, andits remnantwill lie within 0 03 magof the color-
magnituderelation. However, it is doubtful whethermultiple
generationsf suchmemgerscanbeaccommodatedinlesghere
is a strongcorrelationbetweenthe massef the progenitors
(seePeeble2002). It will alsobe interestingto seewhether
the evolution is consistentith the numberdensityof massie
galaxiesat high redshift. Again, the observedmemersonly
havzea 10% effectonthe massfunctionof red galaxies,and
the extrapolationto higherredshiftsis obviously still very un-
certain. Furthermorethe evolution of the massfunction of all
galaxiesmaybedifferentfrom thatof the subsebf galaxieson
theredsequence.

The high memgerratecon rms predictionsfrom hierarchical
galaxyformationmodelsna CDM universe(e.g.,Kauffmann
etal. 1993; Kauffmann1996; Cole et al. 2000; Somerville,
Primack, & Faber2001; Murali et al. 2002). Furthermore,
semi-analyticaimodelshave predictedthat gas-poormergers
betweenbulge-dominatedystemsratherthanmemersof disk
systems,are responsiblefor the formation of the most mas-
sive ellipticals(Kauffmann& Haehnel2000;and,in particular
Khochfar & Burkert 2003). Quantitatve comparison®f mass
growth aredif cult ascurrentmodelsdo not naturallyproduce
red eld galaxieswithout starformation:thecolorsof eld el-
lipticals in the simulationsare too blue andtheir M L ratios
too low (e.g., Kauffmann 1996; van Dokkum et al. 2001a).
Additional mechanismssuchas heatingby active nuclei, ap-
pearto be requiredto halt gascooling and star formationin
massve galaxies(e.g., Binney 2004, Somerville2004, Dekel
& Birnboim 2005, Kereset al. 2005). Our resultsimply that
revisedmodelswhich addresgheseissuesshouldnot only re-
producethe “red anddead”natureof ellipticals todaybut also
of theirimmediateprogenitors- which may occurnaturally if
theprogenitorhave massegreatethansomecritical masqsee
Cooray& Milosavljevit 2005).

The main uncertaintyin the obsened memer fraction is
the possibility that the Northern NDWFS eld, which con-
tains over 90% of the sample,is specialin its frequeny of
tidally disturbedobjects. This seemsunlikely given its area
of 400Mpc? atz 01, but theissueof eld-to- eld vari-
ationsin the memerfraction will only be settledconclusvely

whenindependentelds of similar sizearestudiedin the same
way. The mainuncertaintyin the memgerrate andmassaccre-
tion rateis thetimescaleof thememers.Althoughourestimates
broadlyagreewith otherstudies(seee.g.,Lin etal. 2004,and
referencesherein),this maysimply re ect thefactthatsimilar
assumptiongeadto similar results.Modeling of red, gas-poor
mergershasnot beendonein a systematiavay usingmodern
techniquesandit will beinterestingo seewhatthetimescales
arefor theinitial coalescencandthesubsequergurfacebright-
nessevolution of tidal debris. Speci cally, modelingof the 19
merging systemsand 44 remnantspresentecherewould pro-
vide muchbetterconstraintonthemergerrateandmassaccre-
tion rate,particularlywhenmorecompleteredshiftinformation
is available.

More detailedobsenationalstudiesof the memgersandtheir
remnantsmay help answerthe questionwhy the meigersare
red,i.e.,whatmadetheprogenitordosetheir gas?If active nu-
clei preventthecoolingof gasabove somecritical massatearly
timesthey mayplaythesameroleduringmermers,andit will be
interestingto comparethe degreeof nuclearactivity in undis-
turbedgalaxies,ongoingmergers,andremnants.Also, sensi-
tive diagnosticsof young populations(e.g.,H line strengths
and ultra-violet photometry)can provide betterconstraintson
the starformation historiesof the memgersand remnants. Fi-
nally, studieswith higher spatialresolutioncan provide infor-
mationon the detailedisophotalshapegboxy or disky) of the
remnantsandtheir progenitorsandon possiblecorrelationde-
tweenlarge scalesmoothdistortionsandthe sharpripplesand
shellsthathave beenreportedn z 0 ellipticals(seeHernquist
& Spegel 1995).

Our studyfocusesn eventsthatwe canseetoday andit will
bevery interestingto pushthe analysisto higherredshifts.Al-
thoughthe mostrecentgeneratiorof mermgerscould be largely
“dry”, previousgenerationsik ely involvedbluegalaxiesand/or
wereaccompaniedby strongstarformation(see,e.g.,Sanders
etal. 1988). Unfortunatelyit will be dif cult to identify the
broadredtidal featureghatwe seehereat signi cantly higher
redshiftdueto the 1 z* cosmologicalsurface brightness
dimming. Thelimiting depthof the MUSYC andNDWFSim-
agesis 29magarcsec? (1 , AB). An equialentsuney at
z 1shouldcoveranareaof 1 squaredegreeandreachlev-

elsof 315magarcsec?atz 1land 335magarcsec?

atz 2. Evenwhen (unfavorable)K-correctionsareignored
theserequirementsarewell beyond the capabilitiesof current
ground-or space-basettlescopesA moreviabletechniques

to focuson the fraction of red galaxiesin pairs. Although pair
statisticsrequirelarge correctionsdueto the shorttimescaleof

themeigers pairsareeasilydetectableutto high redshiftwith

the Hubble SpaceTelescopgseevan Dokkum et al. 1999).
Basedon the work presentecherethe memer fraction among
galaxieontheredsequencshouldbe 006 002 1 z ™M

for separations 20kpc andluminosityratios 0 3.
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APPENDIX
CATALOG AND ATLAS

Herewe provide coordinatesmagnitudesgolors,morphologiesandtidal classi cationsfor all 126redgalaxies We alsopresent
imagesof all objectsin thesample.Thesesmallimagesat x edcontrasievel donotdothedatajustice,but spacdimitationsprohibit
anatlasonthescaleof Figs.3 and4.

Thecatalogwill beavailablein electronicform afterpublication.
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Fic. Al1l.— Imagesof the 10 spiral galaxies. The color imageswere createdfrom the B and R images,and highlight the red colors of the
galaxiesandary tidal features. Greyscaleimageswere createdfrom the summed‘BVR” (MUSYC) and“BRI” (NDWFS)images,andbring
out low surfacebrightnesseatures.The lengthof the white baris 30 . Theclassi cationof tidal featureds in the lower right of the greyscale
panels:none,weak, strong(usuallyrecentmeiger remnants)pr ongoing(whena tidal companioncanbe securelyidenti ed). The companions
anddoublenucleiarenot alwaysclearin theseimages,asthe contrastis optimizedfor low surfacebrightnesdeatures.All ongoingmeigersare
shavn in Fig. 7, with the companionglearlyindicated.



Fic. A12.— Imageof the 30 early-typegalaxieswith a cleardisk.



Fic. A10.— (continued)
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Fic. A10.— (continued)

SO

none

SO

none

SO

ongoing

SO

none

SO

none

SO

none

SO

none

SO

none

SO

none

SO

none



E/S0

weak

/S0

none

/30

strong

£/SO

ongoing

E/S0

ongoing

E/S0

none

/S0

none

/30

ongoing

£/SO

none

E/S0

none

Fic. A1l.— Imagesof all 86 bulge-dominateaarly-typegalaxies(*E/S0s”). The resolutionof theimagesis not sufcient to separateulge-
dominatedor closeto face-onS0Ogalaxiesfrom ellipticals. Notethe ubiquity of tidal featuresandinteractionsaamongthe E/SOgalaxies.



Fic. A11.— (continued)
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Fic. A11.— (continued)
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Fic. A11.— (continued)
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Fic. A11.— (continued)
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Fic. A11.— (continued)
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Fic. A11.— (continued)



Fic. A11.— (continued)
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Fic. A11.— (continued)
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